Scanning electron microscopy of surface enamel lesions in fluorosed permanent premolars and molars of free-ranging Roe deer revealed two types of pits. Post-eruptive lesions that resulted from mechanical stress on hypomineralized enamel during mastication were characterized by steep walls and a typical honeycomb structure on their bottom, a result of fracture of enamel rods; holes left by fractured rods were surrounded by interrod enamel. Pits of developmental origin (hypoplasias), either as shallow depressions of enamel surfaces or narrow holes running deep into the enamel, were characterized by convex, rounded walls covered by numerous Tomes' process pits. Pits of hypoplastic and post-eruptive origin were often found in the same tooth. Intact enamel surfaces of fluorosed teeth resembled that of controls.
Pits are surface enamel lesions that characterize the more severe degrees of dental f l u o r~s i s .~,~ The nature of these pits has been controversial. Studies of fluorosed human teeth24 clearly indicate that the pits are of post-eruptive rather than developmental origin. In contrast, hypoplastic surface lesions of fluorosed enamel have been reported to occur in cows, 16 sheep,I8J9 and rats."
As a consequence of environmental pollution by fluorides, studies on fluorosis in wild ruminants (especially Cervidae) have been conducted within the last two decades.5-7J3J4J7,20,21 So far, the pathological alterations in the teeth of these animals have only been described macroscopically, and information on the microscopic structure of the observed enamel lesions is lacking.
During research on dental fluorosis in free-ranging Roe deer (Capreolus capreolus) in the heavily industrialized Ruhr area (Federal Republic of Germany),8l o a scanning electron microscopic study was done on lesions in the enamel surfaces of affected animals.
Materials and Methods
A total of 17 fluorosed permanent mandibular premolars and molars (lP2, 7P,, 6P,, 3MJ from ten different deer between 14 months and 7 years of age were studied. The material included freshly erupted teeth with no or only slight wear as well as specimens severely worn. In addition to pitting, all fluorosed teeth examined had pronounced enamel opacities. Furthermore, teeth taken from older deer showed brown discolorations of enamel, abnormal abrasion of enamel ridges on occlusal surfaces, and increased wear ( Fig. 1 ). Non-fluorosed mandibular cheek teeth (n = 20), taken from individuals living in regions not exposed to fluoride emissions, served as controls. Mandibular fluoride content of deer with fluorosed teeth was significantly increased when compared with controls (Table 1) .
Prior to investigation all teeth were treated with a 5% aqueous solution of sodium hypochlorite for several hours in order to remove the great amount of dental plaque always present on ruminant cheek teeth. Part of the material was further cleaned ultrasonically for 20 minutes. Subsequently, the teeth were rinsed in distilled water, dried, mounted on aluminum stubs, sputter-coated with gold, and examined in a Hitachi S 520 scanning electron microscope operated at an accelerating voltage of 15-25 kV.
Results
Enamel surfaces of control teeth were characterized by numerous Tomes' process pits, denoting the position of the ameloblast processes at the end of the secretory phase of amelogenesis. Rod endings were surrounded by interrod enamel showing a smooth surface structure ( Fig. 2 ). Mostly, Tomes' process pits were not confined to the bottom of the perikymata but covered the whole enamel surface, a situation not uncommon in ungulate^.^ In both control and fluorosed specimens a vertical corrugation of the enamel surface, known to occur also in the cheek teeth of other ruminant species, was frequently seen and is therefore regarded as a normal feature of Roe deer teeth. As compared with controls, an accentuation of the perikymatic pattern was seen in the fluorosed teeth ( Fig. 3) .
Pits found in fluorosed enamel were of varying shape and extent. In severe cases only small areas of intact surface enamel were present ( Fig. 1 ). In all fluorosed teeth examined pits were more frequent and of larger diameter on buccal surfaces, where the enamel is significantly thicker than lingually (personal observation).
Intact enamel surfaces surrounding the lesions appeared normal, showing regularly arranged Tomes' process pits. Despite their superficial heterogeneity, it was possible t o assign each pit to either of two groups. Surface lesions are, therefore, classified as type 1 and type 2 pits. Often, both types could be seen in one tooth ( Fig. 3) .
Except for severely fluorosed teeth of older individuals, the whole enamel surface of which was pitted, lesions of type 1 mainly were found near the occlusal surface of the teeth, i.e., in a region exposed to strong mechanical forces during mastication (Figs. 3, 5 ). In freshly erupted and slightly worn teeth, pits of this kind were either not observed, or, if they occurred, were of only very limited number and extent.
Type 1 surface lesions were sharply demarcated against the surrounding enamel and appeared as regions where the outer enamel layer had been lost, thus exposing the underlying enamel ( Fig. 4) ; the latter showing increased porosity ( Fig. 5 ). Sometimes different layers of subsurface enamel were exposed due to a step-like loss of surface enamel ( Fig. 6) . Walls of the pits were very steep, and individual rods running to the anatomical surface of the tooth could be identified ( Fig. 4 ). Edges of the lesions were either sharp or, on abraded enamel surfaces (occurring especially in the cuspal regions of the teeth), more or less rounded.
In some cases small pits due to fracture of single or small groups of rods were found in the vicinity of the larger lesions separated from them by zones of intact enamel (Fig. 7 ). From this it is assumed that the larger pits expand laterally by incorporation of previously isolated small surface lesions. The bottom of type 1 pits showed a honeycomb-like pattern resembling the structure of the developing enamel surface. This honeycomb pattern consisted of holes where enamel rods had broken perpendicularly or (sometimes) obliquely to their long axes; depressions left by the fractured rods being surrounded by interrod enamel (Fig. 8 ).
Type 2 surface lesions consisted of shallow ( Fig. 9 ) or deeper (Figs. 10, 1 1) depressions of the enamel surface with convex, rounded walls. Whereas the shallow infoldings of the enamel surface generally were large, the deep depressions had restricted diameters, and therefore, often appeared as channels running into the enamel. The latter were most commonly found in the cervical region of the tooth crowns.
Walls of type 2 lesions were characterized by numerous, normally arranged Tomes' process pits. This was regarded as evidence that the roundness of the pits' walls was not a secondary phenomenon due to the action of abrasive forces, but that the lesions were of developmental origin, i.e., true hypoplasia.
Whereas the bottom of the narrow, deep depressions had a globular structure, that of the more shallow lesions was slightly undulated and showed either smooth or crystalline surface structure. Tomes' process pits, focal holes, and irregular branched fissures were frequently seen (Fig. 12 ). 
Discussion
The result of the present study confirms the statement of Thylstrup and F e j e r~k o v~~ that even in severely fluorosed teeth, intact enamel surfaces resemble that of normal teeth. It was further shown that two types of surface lesions, both often present in one tooth, can be distinguished in fluorosed Roe deer enamel. Defects of the first type are secondary in nature, i.e., of post-eruptive origin and occur as a result of mechanical stress acting upon the fluorosed enamel, the hypomineralization of which had previously been demonstrated by microhardness te~ting.~ This hypothesis is proven by the fact that type 1 pits were preferentially seen in cuspal enamel near the occlusal surfaces of the premolars and molars studied. This is a region where high pressure as well as shearing forces act upon the teeth during mastication, which proceeds in the form of lateral jaw movements typical for ruminants. As a consequence of this masticatory stress, enamel rods fracture (more or less perpendicularly to their long axes), leading to a loss of smaller or larger areas of surface enamel, whereby the underlying porous enamel is exposed. In severely fluorosed teeth of older deer, eventually the whole surface enamel may get lost due to this process.
Pits of seemingly post-eruptive origin have been described in fluorosed enamel of dogs22 and sheep.' In partly erupted teeth, pitting and discoloration were noted only in the enamel of the erupted parts, whereas enamel opacity was seen in erupted as well as unerupted regions.
The only study on the ultrastructure of post-eruptive surface lesions has been that of Thylstrup and Fejerskov on human teeth.24 Our findings are in full accordance with their observations. In a previous paper Thylstrup and F e j e r~k o v~~ reported a correlation between the amount of subsurface porosity and an increasing degree of macroscopic alteration in the fluorosed enamel. If subsurface hypomineralization exceeded a certain level, loss of surface enamel occurred. This also is supposed to be the case in fluorosed enamel of Roe deer.
The hypomineralization characteristic for fluorosed enamel has to be attributed to fluoride interference with the selective removal of protein from the enamel Step-like loss of surface enamel. IS = intact surface enamel. Bar = 50 pm. Fig. 7 . Two zones of pitting (type 1) in cuspal enamel separated by a region of intact surface enamel (IS). Isolated small layer of surface enamel and a thicker enamel layer near dentinoenamel junction. D = dentine. Bar = 500 pm. pits (arrows) located in vicinity of larger lesions. Bar = 30 pm. matrix and/or the subsequent process of mineralization. Recently, typical hypomineralization occurred in premolars of pigs if fluoride was given to the animals during the maturation stage of amelogenesis only. I5 Hypoplastic lesions, i.e., pits of developmental origin, denote toxic damage to ameloblasts in their secretory stage. Because hypoplastic lesions are surrounded by intact enamel, we conclude that differences in sensitivity to fluoride-induced disturbances exist between adjacent secretory ameloblasts.
Hypoplastic enamel lesions have been seen in sheep incisors as a result of daily oral dosing with 2-6 mg fluoride/kg body weight for 21 days starting at 7.5 months of age, 19 and of 4 mg fluoride/kg body weight given orally for 26 days starting at 8.5 months of age. 18 Pits of developmental origin also occurred in the incisors of cows fed a yearly average of about 40 ppm fluoride in the forage from 4 months to 5 to 6 years of age.I6
Whereas the hypoplastic enamel surface lesions macroscopically described in the aforementioned studies resemble the pits of developmental origin found in fluorosed Roe deer enamel, this is not the case for the enamel lesion of a rat molar described as "hypoplasia" by Lange Nordlund and Lindskogl l. This lesion, found 10 days after a single subcutaneous injection of 30 mg NaF/kg body weight, has steep walls and its bottom shows a typical honeycomb structure. Both features are characteristic for pits of post-eruptive rather than developmental origin. According to observations on the enamel organs of sheep incisors1* and rat molars,12 predominantly ameloblasts late in their secretory phase are affected by fluoride action. As a result, subameloblastic cysts, i.e., cysts located between the already secreted enamel and the ameloblast layer detached from the developing enamel surface, were noted. This was taken as evidence that late secretory ameloblasts are especially sensitive to fluoride-induced damage. From our study, however, it can be concluded that only the shallow hypoplasias found in fluorosed Roe deer enamel can be regarded as a result of fluoride interference with late secretory ameloblasts, whereas the deep and narrow lesions denote fluoride damage to the cells much earlier in their secretory phase.
